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SUPPLEMENT 2 

Data Sources 

U.S. Geological Survey (USGS) 

The USGS data contain water quality data collected daily by the United States Geological Survey between 
1980 and 2013 following the Guidelines and Standard Procedures for Continuous Water-Quality Monitors:  
Station Operation, Record Computation, and Data Reporting (Wagner et al. 2006).  A total of 181 (of 
1,055,223) relevant records were determined to be unreliable by QAQC procedures.  See Table S2.1 for 
specific collection parameters. 

Table S2.1.   USGS Frequency and location of collection parameters 

Parameter and Reporting Units Location and Frequency Method/Reference 

Temperature (°C) All Sites - Daily Thermistor 

Salinity (parts per thousand or mg/mL) All Sites - Daily Calculated (derived from conductivity) 

Specific Conductance (µS/cm at 25°C) All Sites - Daily Contact sensors, both with and without electrodes 

Louisiana’s Office of Coastal and Protection and Restoration (OCPR) – continuous 

The OCPR continuous data contain water quality data collected hourly at pre-determined stations by the 
Louisiana Office of Coastal Protection and Restoration between 1992 and 2012 following A Standard Operating 
Procedures Manual for the Coast-Wide Reference Monitoring System-Wetlands: Methods for Site 
Establishment, Data Collection, and Quality Assurance/Quality Control (Folse et al. 2008).  A total of 594,486 
(of 90,301,848) relevant were determined to be unreliable by QAQC procedures.  See Table S2.2 for specific 
collection parameters. 

Table S2.2.   OCPR-continuous frequency and location of collection parameters 

Parameter and Reporting 
Units 

Location and 
Frequency Method/Reference 

Temperature (°C) 703 Sites - Hourly YSI 600LS or Hydrolab MS5 continuous recorder 

Salinity (ppt) 666 Sites - Hourly YSI 600LS or Hydrolab MS5 continuous recorder  
(derived from conductivity) 

Dissolved Oxygen (mg/L) 1 Site - Hourly YSI 600LS or Hydrolab MS5 continuous recorder 

Wind Speed (mph) 6 Sites - Hourly Anemometer 

Wind Direction (radian degrees) 6  Sites - Hourly Anemometer 

Water Velocity (ft/s) 5 Sites - Hourly YSI 600LS or Hydrolab MS5 continuous recorder 

Precipitation (in/hr) 6 Sites - Hourly Cumulative number of tips of “tipping bucket” type rain 
gauge 

Depth (ft) 709 Sites - Hourly YSI 600LS or Hydrolab MS5 continuous recorder 
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Louisiana Department of Environmental Quality (LDEQ) 

The LDEQ data contain water quality data collected monthly at approximately 1-meter depth by the Louisiana 
Department of Environmental Quality between 1986 and 2011 following the Quality Assurance Project Plan 
(QAPP) protocol.  A total of 1192 (of 28,942) relevant records were determined to be unreliable by QAQC 
procedures.  The data have no specific limitations.  The full Quality Assurance Project Plan (QAPP) for the 
ambient water quality monitoring network can be found at <http://www.deq.louisiana.gov/portal/Portals/0/ 
planning/QAPP_1004_r05%202011%20FINAL%208-29-2011.pdf>.  See Table S2.3 for specific collection 
parameters.    

Table S2.3. LDEQ frequency and location of collection parameters 

Parameter and 
Reporting Units Location and Frequency Method/Reference 

Temperature (°C) All Sites - Monthly Portable Meter or Thermometer EPA, Method 
170.1, SM 2550 B 

Dissolved Oxygen (mg/L) 
- Grab 

All Sites - Monthly Portable Meter 
EPA, Method 360.1, SM 4500-O G; 
Manufacturer’s Operation Manual 

††Dissolved Oxygen 
(mg/L)  
Continuous Monitoring 

After AWQMN DO readings found to be 
below criteria 

Portable Meter 
EPA, Method 360.1, SM 4500-O G; 
Manufacturer’s Operation Manual 

Dissolved Oxygen 
Saturation (%) 

All Sites - Monthly Portable Meter 
EPA, Method 360.1, SM 4500-O G; 
Manufacturer’s Operation Manual 

ᶲSalinity (parts per 
thousand) 

All Sites - Monthly Portable Meter 
EPA, Method 120.1 or ASTM Standard Methods 

D1125-91(A) 
††  Follow-up dissolved oxygen continuous monitoring sampling is conducted as needed and as resources allow when 

AWQMN grab sample results for DO are below the applicable criterion for a water body. The data collection should 
be initiated within two weeks under similar conditions. This data may be used to override any initial assessment of 
impairment if supported, otherwise the grab data points will provide the bases for water quality assessments (QAPP-
pp.27). 

ᶲ The sample is considered a surface sample (collected at 1-meter depth or less).   

Louisiana Department of Health and Hospitals (LDHH) 

The LDHH data contain water quality data collected 1-2 times monthly at pre-determined stations by the 
Louisiana Department of Health and Hospitals between 1998 and 2011.  A total of 139 (of 211,143) relevant 
records were determined to be unreliable by QAQC procedures.  

Louisiana Department of Wildlife and Fisheries (LDWF) 

The LDWF data contain water quality data collected several times monthly at pre-determined stations by the 
Louisiana Department of Wildlife and Fisheries between 1992 and 2013.  A total of 44 (of 99,956) relevant 
records were determined to be unreliable by QAQC procedures. 

Louisiana’s Office of Coastal and Protection and Restoration (OCPR) – Discrete 

The OCPR discrete data contain water quality data collected monthly by the Louisiana Office of Coastal 
Protection and Restoration between 1992 and 2012 following A Standard Operating Procedures Manual for 
the Coast-Wide Reference Monitoring System-Wetlands: Methods for Site Establishment, Data Collection, 
and Quality Assurance/Quality Control (Folse et al. 2008).  A total of 745 (of 222,960) relevant records were 
determined to be unreliable by QAQC procedures.  See Table S2.4 for specific collection parameters.  
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Table S2.4   OCPR-Discrete frequency and location of collection parameters. 

Parameter and Reporting Units Location and Frequency Method/Reference 

Temperature (°C) All sites - monthly YSI-30 (or equivalent) handheld water instrument 

Salinity (ppt) All sites - monthly YSI-30 (or equivalent) handheld water instrument 

Specific Conductance All sites - monthly YSI-30 (or equivalent) handheld water instrument 

NRDA Oyster Technical Working Group (TWG) 

The NRDA Oyster Technical Working Group data used in this analysis were collected between 2010 and 
2012 across the northern Gulf of Mexico (NOAA 2010a, 2010b, 2011a, 2011b, 2011c, 2012a, 2012b, 2013a, 
2013b).  Data were collected to determine how, if at all, the 2010 Deepwater Horizon Oil Spill injured the 
oyster resources of the northern Gulf of Mexico.  Water quality data collected under the NRDA Oyster TWG 
included water salinity, temperature, and dissolved oxygen. 

Data Quality Assurance 

The same QAQC procedures were applied to most of the data sources.  Some of the data sources required 
specific QAQC, but general practices were applied to all of the data.  Many of the datasets also had QAQC 
procedures applied prior to download.  For all of the data, any negative salinity values or zeroes were 
considered suspicious and checked for potential errors.  The same logic was applied to temperature 
measurements. Observations outside provided expected value ranges (c/o Sean Powers, personal 
communications) were also checked for salinity (salinity expected range: 0-40 ppt) and temperature 
(temperature expected range: 0-35°C).  Any suspect value was examined for consistency with surrounding 
values, considered with time of year (if relevant), and checked against measurements for other fields taken at 
the same time to ensure the monitor was working properly. 

Salinity and temperature outliers were removed from the data.  Outliers were determined for the data in 
aggregate and by site.  Data were classified as outliers if they were greater than 1.5 times the inner quartile 
range of the data.  These outliers were checked to determine whether they were extreme but plausible values 
or erroneous data.  Another outlier check was performed on the continuous datasets.  A time series analysis 
was used to identify observations greater than two standard deviations different from a 4-day rolling mean, 
which indicated any unusual values including zeroes.  These unusual values were flagged and checked. 

Some specific QAQC was performed on the various datasets.  The LDEQ provided validation qualifiers and 
comments and lab qualifiers for certain observations.  These qualifiers and comments were taken into 
consideration and any value flagged by LDEQ was removed from the LDEQ data.   

The OCPR discrete data did not contain salinity data.  In its place, specific conductance data was available.  
The specific conductance data contained no negatives or zeroes, but had several observations outside the 
expected value range (≥ 50,000) that were determined to be erroneous.  All zeroes and values outside the 
expected value range (>40 ppt; provided c/o Sean Powers, personal communications) were checked for errors.  

Salinity is computed (for conductance records processed correctly for temperature and atmospheric pressure) 
as  

𝑆 = 𝐾! + 𝐾!×𝑅!/! + 𝐾!×𝑅 + 𝐾!×𝑅!/! + 𝐾!×𝑅! + 𝐾!×𝑅!/! , 

where𝐾! = 0.0120,𝐾! = −0.2174,𝐾! = 25.3283,𝐾! = 13.7714,𝐾! = −6.4788,𝐾! = 2.5842, and 𝑅 is the 
ratio of specific conductance to seawater (Wagner et al. 2006). 

Spatio-Temporal Model Details 

The spatio-temporal model had the form 

y s, t =  µ s, t + ε(s, t),  

where 𝜇(𝑠, 𝑡) was the mean of 𝑦(𝑠, 𝑡) and 𝜀(𝑠, 𝑡) was the residual or difference between 𝜇(𝑠, 𝑡) and 
𝑦 𝑠, 𝑡 .   𝜇(𝑠, 𝑡) is referred to as the spatio-temporal mean field, and 𝜀(𝑠, 𝑡) is referred to as the spatio-
temporal residual field.  
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The spatio-temporal model viewed the mean field as the sum of two linear functions, one containing spatially 
and temporally varying covariates, the other function containing a set of smooth temporal basis functions. The 
model for the mean field was 

𝜇 𝑠, 𝑡 = 𝛾!𝑋!(𝑠, 𝑡)
!

!!!

+  𝛽! 𝑠 𝑓!(𝑡)
!

!!!

, 

where 𝑋!(𝑠, 𝑡) was the 𝑙!! spatio-temporal covariate measured at location s and time t, 𝛾! was the coefficient 
of the spatio-temporal covariate 𝑋!, 𝑓!(𝑡) was the  𝑖!! value in a set of smooth temporal basis functions at time 
t (with 𝑓! 𝑡 = 1), and 𝛽!(𝑠) was the coefficient of the  𝑖!! temporal basis function at location s. Construction 
of the 𝑓!(𝑡) will be described after other parts of the model.  

In this model, the 𝛽!(𝑠)-coefficients were viewed as spatial fields with the universal kriging structure: 

𝛽! 𝑠 ∈ 𝑁 𝑍!𝛼! , Σ!! 𝜃! , 

where 𝑍! were m n×𝑝! design matrices, 𝛼! were m 𝑝!×1 coefficient vectors, and Σ!! 𝜃!  were m n×n 
covariance matrices.  This structure allowed temporal trends to vary between locations by allowing different 
covariates and covariance structures in each of the 𝛽!(𝑠) fields. A priori, the m 𝛽!(𝑠) fields were assumed to 
be independent of one another, primarily because the set of 𝑓!(𝑡) were constructed to be mutually orthogonal.  

The set of temporal bases 𝑓! 𝑡 , (described below) were assumed to account for temporal correlation among 
observations taken at the same station during different time periods. Under this assumption, the residual 
space-time field was assumed independent in time with stationary spatial covariance.  That is,  

𝜀(𝑠, 𝑡) ∈ 𝑁(0, Σ!! 𝜃! ) for t = 1, …, T, 
and  

 𝑐𝑜𝑟 𝜀 𝑠!, 𝑡! , 𝜀 𝑠!, 𝑡! = 0 for 𝑡! ≠ 𝑡!.  

Here, the spatial correlation matrix, Σ!! 𝜃! , is 𝑛!×𝑛!, where 𝑛! was the number of observations at time t (t = 
1,…,T) Assuming one observation per station per time period, 𝑛! was the number of stations providing an 
observation at time t. The spatial correlation matrices (Σ!! 𝜃! ) were assumed to contain a correlation 
component to account for spatial dependencies, as well as an uncorrelated component to account for small-
scale variability and measurement error: i.e.,  

Σ!! 𝜃! =  Ψ!! 𝜃! +Φ!
! 𝜃!  

where Ψ!! 𝜃!  was 𝑛!×𝑛! and contained spatial correlation components, while Φ!
! 𝜃!  was 𝑛!×𝑛! diagonal 

and contained the measurement error or nugget component. Ψ!! 𝜃!  quantified correlation between different 
stations during the same time period, while Ψ!! 𝜃!  quantified variance at a single station during a time period. 
Note that parameters of the spatial correlation model, 𝜃!, were constant through time.  

The smooth temporal basis functions 𝑓! 𝑡  were constructed using the procedure of Fuentes et al. (2006) by 
smoothing singular vectors of the T×S data matrix,  

𝐷 𝑡, 𝑠 = 𝑦 𝑡, 𝑠 , if 𝑦 𝑡, 𝑠  exists 
𝑁𝐴, otherwise . 

The set of m basis functions were designed to model temporal variation, thereby allowing the mean field to be 
modeled like an ordinary spatial process.  

Data gaps in the individual time series were not allowed because they influenced computation of the singular 
vectors of D.  Consequently, prior to construction of the temporal basis functions, data gaps (missing values) 
were filled in a way that did not affect estimation of the temporal coefficients 𝛽!(𝑠).  Imputed values were 
placed on temporal trends estimated from non-missing data using the iterative algorithm described by Fuentes 
et al. (2006). The imputation algorithm consisted of the following steps:   
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(1) Standardize columns of D;  
(2) Compute the means of available data at each time period (i.e., row means of D); 
(3) Regress each column of D onto the row means of D using standard linear regression. Fitted values 

from these S regressions replace missing values in their respective columns;  
(4) Compute singular vectors of the updated D containing imputed values;  
(5) Regress each column of D on the first m – 1 singular vectors obtained in previous step. Fitted values 

from these S multiple regressions replace missing values from the original D in their respective 
columns;  

(6) Repeat steps 1 to 5 until the imputed values do not change between iterations.  

Following imputation of missing values, the final single value decomposition of D was 𝑈𝑆𝑉⊺. With some 
random variation, the first m – 1 singular vectors in U quantified the m – 1 most different temporal trends 
across stations.  In other words, similar temporal trends at two or more stations collapsed into a fewer number 
of singular vectors in U.  To remove some of the random variation in singular vectors, the first m – 1 columns 
of U were smoothed onto their indices using regular smoothing splines. The number of basis functions, m, was 
determined by cross-validation that minimized prediction error over the entire set of 𝑓! 𝑡 .  

We used the SpatioTemporal package in R to carry out estimation of the spatio-temporal model. The method 
implemented in SpatioTemporal utilized the block structure of the overall variance-covariance matrix to 
compute generalized least squares estimates for the regression parameters 𝛾! and 𝛼!. Profile or restricted 
maximum likelihood (REML) estimated the correlation parameters 𝜃! and 𝜃!.  

Predictions of 𝑦 𝑠, 𝑡  are standard kriging estimates. Assuming γ and α are vectors of estimated coefficients 
from the model, the prediction for unobserved locations and times were,  

Y! = X!γ+ F!Z!α+ Σ!"Σ!!(Y− Xγ− FZα), 
were X! and X were matrices of spatio-temporal covariates defined for unobserved and observed locations and 
times,  Z! and Z were vectors of spatial covariates for unobserved and observed locations, F! and F were 
vectors containing the temporal basis functions for unobserved and observed times, Σ was the estimated 
variance-covariance matrix of observed data evaluated at estimates of the parameters 𝜃! and 𝜃!, and finally 
Σ!" was the cross-covariance matrix between unobserved and observed data evaluated at estimates of the 
parameters 𝜃! and 𝜃!. Here,  

Σ = Σ! + FΣ!F! 
where Σ!was a block-diagonal matrix with blocks Σ!!. Σ!" was defined similarly. Kriging-based standard 
error estimates were computed using the formulas in Lindström et al. (2013).   

Following estimation of Y! for all days and at all locations in the 1000-m x 1000-m grid, bi-cubic 
interpolation (Akima, 1996) refined estimates to the 200-m x 200-m grid. The bicubic.grid function contained 
in the akima R package computed the bicubic interpolations.   
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